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Background: Neurodegeneration has been suggested to be associated with cerebral small vessel disease
(CSVD). The association between different CSVD imaging markers and the extent of neurodegeneration
could be indirectly confirmed by examining the relationship between CSVD imaging markers and the
hippocampal amide proton transfer (APT) values. The associations between hippocampal APT values with
CSVD imaging markers and CSVD total load need to be further validated. The aim of this study was to
investigate potential variations in hippocampal APT values among individuals with CSVD imaging markers
and varying degrees of CSVD total burden.

Methods: A cross-sectional study (retrospective analysis of prospectively-acquired data) was conducted
at Nanxishan Hospital of Guangxi Zhuang Autonomous Region. From May 2020 to June 2021, 165
individuals (age, 40-76 years; male/female, 103/62) were included in this study. The inclusion criteria
for the participants were as follows: The presence of lacunar infarction (LI), and/or cerebral microbleed
(CMB); moderate-to-severe enlarged perivascular space (EPVS) (>20); deep white matter hyperintensity
(WMH) > Fazekas 2 or periventricular WMH > Fazekas. The exclusion criteria comprised the following:
History of craniocerebral operation; Cases with significant pathology incidentally identified during magnetic
resonance (MR) scan; Drug or alcohol abuse. The differences of hippocampal APT values between CSVD
imaging makers presence or absence groups and different CSVD total burden groups were compared using
independent z-test and one-way analysis of variance (ANOVA). The correlations between APT values and
CSVD imaging markers were analyzed using Pearson correlation analysis. A mediation analysis model was
used to investigate the mediating effect of the hippocampal APT values in the association between CSVD
total loads and Montreal Cognitive Assessment (MoCA) score was assessed.

Results: The hippocampal APT values among different CSVD total load groups were significantly
different (P<0.001). The hippocampal APT values were significantly different between the imaging markers
presence and absence groups. The P values for the LI, WMH EPVS, and CMB presence or absence
groups were <0.001, <0.001, 0.034, and 0.002, respectively. The hippocampal APT values were significantly
correlated with CMB (P<0.01), LI (P<0.01) and WMH (P<0.01). The mediation models demonstrated that
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the APT values of the hippocampus partially mediated the association between CSVD total load and MoCA

score, the proportion of mediation attributable was calculated as 17.50%.

Conclusions: Hippocampal APT values were associated with CSVD imaging markers and total burden.

Hippocampal APT values may serve as a biomarker for the early detection of neurodegeneration in CSVD

patients.
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Introduction

Cerebral small vessel disease (CSVD) has been considered
a disorder that primarily affects cerebral microvessels,
making it the most prevalent form of vascular cognitive
impairment and a significant contributor to mixed
dementia (1,2). Magnetic resonance imaging (MRI)
displays diverse characteristics of CSVD, including
ischemic lesions such as white matter hyperintensities
(WMH) and lacunar infarctions (LI), as well as hemorrhagic
lesions known as cerebral microbleeds (CMB) (3,4). Other
neuroimaging changes include recent small subcortical
infarction and enlarged perivascular space (EPVS) (3).
Brain atrophy has also been linked to CSVD (5).
However, none of these CSVD imaging markers provide
insights into the pathophysiology of CSVD, which is
crucial for understanding its etiology, development, and
clinical interventions. Investigating the differences and
interconnections among these markers in follow-up studies
is vital, as they hold practical significance in determining
treatment plans and designing future studies. Linking these
markers to clinical and pathophysiological mechanisms can
significantly reduce the scale, duration, and cost of clinical
trials (6).

CSVD has a diverse etiology, with arteriosclerosis
and accumulation of amyloid being the most commonly
observed causes (3,7,8). Recent evidence has suggested an
association between neurodegeneration and CSVD (3).
The majority of patients attending memory clinics display
varying degrees of brain alterations associated with both
Alzheimer’s disease (AD) and CSVD (9). Therefore, there
is a need for biomarkers that capture both AD and CSVD,
enabling the assessment of the extent and contribution
of each disease within individual patients (9-11). Future
studies should investigate the impact of CSVD progression
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on gray matter (GM) and white matter atrophy, ideally in
combination with traditional markers of neurodegenerative
diseases (12). Amide proton transfer (APT) imaging is an
MRI technique that reflects the protein and polypeptide
content in tissues (10,13). The concentration of mobile
proteins and semi-solid macromolecular proteins in the
brain tissue increases with the severity of lesion in the
neurodegenerative disease population, with the deposition
of abnormal protein in the hippocampus being the most
prominent. A previous study verified that the novel APT
imaging could be an imaging marker for detecting abnormal
protein deposition and vascular cognitive impairment in the
hippocampus of patients with CSVD (14).

Linking APT imaging to CSVD raises 2 crucial questions.
The first pertains to whether distinct CSVD image markers
exhibit varied associations with APT values; the second
delves into the capability of APT to reflect the severity of
CSVD. Based on these considerations, we hypothesized that
the association between different CSVD imaging markers
and the extent of neurodegeneration could be indirectly
confirmed by assessing the relationship between CSVD
imaging markers and the hippocampal APT values. To our
knowledge, this is the first study to indirectly investigate
the mechanistic question of neurodegeneration in CSVD
using 7 vivo imaging methods. The aim of this study was
to explore potential differences in hippocampal APT values
between CSVD imaging markers presence and absence
groups and between groups with different CSVD total
burden. The correlations between APT values and CSVD
imaging markers were analyzed. The mediating effect of
the hippocampal APT values in the association between
CSVD total loads and Montreal Cognitive Assessment
(MoCA) score was also assessed. We present this article in
accordance with the STROBE reporting checklist (available
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From May 2020 to June 2021, a total of 674 stroke-free
individuals were recruited from the local community
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Figure 1 Flowchart shows inclusion and exclusion process of the present study. CSVD, cerebral small vessel disease; LI, lacunar infarction;

CMB, cerebral microbleeding; EPVS, enlarged perivascular space; WMH, white matter hyperintensity; MR, magnetic resonance.

at https://qims.amegroups.com/article/view/10.21037/
qims-23-1464/rc).

Methods
Participants

This study is part of an ongoing investigation of CSVD
using multi-parametric MRI (retrospective analysis of
prospectively-acquired data). A community-based cross-
sectional study was conducted at Nanxishan Hospital of
Guangxi Zhuang Autonomous Region. From May 2020
to June 2021, a total of 674 stroke-free individuals were
recruited from the local community. The inclusion criteria
for the participants were as follows: (I) the presence of LI,
CMBs; (II) moderate-to-severe EPVS (>20); (III) deep
WMH > Fazekas 2 or periventricular WMH > Fazekas 3.
The exclusion criteria comprised the following: (I) history
of craniocerebral operation; (II) cases with significant
pathology incidentally identified during MR scan; (III)
drug or alcohol abuse. A total of 48 age- and education-
matched healthy individuals were selected from the local
community as normal controls. Figure 1 shows the process
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of inclusion and exclusion in this study. The study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013). This study sought approval from the
Ethics Committee of Nanxishan Hospital of Guangxi
Zhuang Autonomous Region (2020NXSYEC-006).
Informed consent forms were signed by all participants. All
demographic characteristics of the participants [including
gender, age, body mass index (BMI), and education] were
collected. A skilled neuro-radiologist (R.M. with 5 years
of experience of neuro-radiology) conducted the cognitive
assessment of each participant using the Beijing version of
the MoCA. This information was gathered within 1 week
preceding the MRI examination.

MRI data acquisition

In this study, MRI scans were performed using a 3.0-T
MR system (Ingenia 3.0CX; Philips Healthcare, Best, The
Netherlands) and 32-channel head coils. The specific scan
sequences utilized in this study were as follows: A 3D T'1-
weighted fast field echo with a repetition time (TR) of 6.4 ms
and an echo time (TE) of 3.0 ms, field of vision (FOV)
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Figure 2 Diagram of the APT imaging acquisition. APT images
were obtained using nine frequency offsets (4.3 ppm, repeated 3
times at 3.5, 2.7, -2.7, -3.5, 4.3, -1,560 ppm) relative to the water
frequency. For the 3.5 ppm acquisition, a Dixon-based method
was employed, and the acquisition window was shifted by 0.4 and

0 ms, respectively. APT, amide proton transfer.

of 240 mm x 240 mm x 180 mm, reconstruction voxel of
1.1x1.1x1.1 mm’, and a reconstruction matrix of 400x400,
with a slice thickness of 1.1 mm. The utilization of T2 fast
spin echo was implemented with a TR of 2,500 ms and a TE
of 232 ms. The FOV was set at 250 mm x 25 mm x 180 mm,
the reconstruction voxel at 1.1x1.1x1.1 mm’, and the
reconstruction matrix at 512x512, with a slice thickness of
1.1 mm. 3D fluid-attenuated inversion recovery (FLAIR)
was conducted with a TR of 4,800 ms and a TE of 244 ms.
A FOV of 240 mm x 240 mm x 173 mm, a reconstruction
voxel size of 1.1x1.1x1.1 mm’, and a reconstruction matrix
of 384x384 were used, with a slice thickness of 1.2 mm.
A 3D APT weight sequence was performed with a TR of
6,300 ms and a TE of 8.3 ms. The FOV was set at 230 mm
x 180 mm x 60 mm, and the reconstruction voxel size was
1.8x1.8x6 mm’, with a reconstruction matrix of 256x256
and a slice thickness of 6 mm. A turbo spin echo (TSE)
factor of 174 was utilized. Prior to the routine sequences
and APT sequence examination, each case underwent two
shimming protocols. A 2-second APT pre-pulse with a
saturation power level of B1, rms =2 mT was achieved for
APT imaging by transmitting dual radiofrequency channels
in an interleaved manner. AP'T" images were obtained using
9 frequency offsets (4.3 ppm, repeated three times at 3.5,
2.7,-2.7,-3.5, -4.3, and -1,560 ppm) relative to the water
frequency. For the 3.5 ppm acquisition, a Dixon-based
method was employed, and the acquisition window was
shifted by +0.4 and 0 ms, respectively (Figure 2).

Image processing

Image processing was performed using the “IntelliSpace
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Portal” version 8 (Philips Healthcare) on an independent
workstation. A radiologist, following the definitions
established in a previous study (3), identified LI, WMH,
CMB, and enlarged EPVS. The CSVD total burden was
assessed using an ordinal scale from 1 to 4, with each of the
following criteria assigned one point: the presence of LI,
CMBs, moderate to severe EPVS (>20), and deep WMH 2>
Fazekas 2 or periventricular WMH > Fazekas 3 (7).

APT image data were reconstructed using the embedded
program. The inhomogeneity effect of b0 fields was
corrected as described in previous literature (15). The
z-spectrum was fitted through all offsets on a voxel-by-
voxel basis. The fitted curve was interpolated using an
offset resolution of 1 Hz. After this step, the corresponding
BO field inhomogeneity was calculated according to the
deviation of the minimum of the fitted curve from 0 ppm.
To correct the field inhomogeneity effect, the original
z-spectrum was interpolated and centered along the
direction of the offset axis to shift its lowest intensity to
0 ppm. Finally, the APT-weighted image [namely,
MTRasym (3.5 ppm) image] was calculated using the BO-
corrected data at the offset of 3.5 ppm.

The APT (%) calculation method was as follows (14):
S(-Aw)-S(+Aw)

MTRasym ([Aa)]) = S0

*100% [1]

When Aw=+3.5ppm, one has: APT =MTRasym (3.5 ppm)

S(-3.5ppm)—S(+3.5 ppm)
S0
Magnetic resonance ratio asymmetry (MTRasym)

MTRasym (3.5 ppm) = *100% [2]

(3.5 ppm) is the abbreviation of magnetization transfer
(MT) ratio asymmetry at 3.5 ppm. SO represents the signal
intensities without saturation pulse.

The APT images were co-registered and overlaid with
the acquired FLAIR images, in cases where the sequences
were not geometrically identical, coregistration was
employed to ensure accurate alignment. Bilateral round or
oval region of interest (ROI) measurements were conducted
by two experienced radiologists, with 5 and 25 years of
experience in neurological imaging, respectively. These
measurements were taken to determine the APT intensity
values in hippocampus. The size and shape of the ROI
were determined based on the corresponding anatomical
region. The normal APT intensity value was measured
from the respective APT image. Mean APT intensity values
of bilateral hippocampus were obtained separately, and the
corresponding mean values of bilateral hippocampus were
calculated.
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Table 1 The difference of demographic characteristics and hippocampus APT values between the groups of CSVD total burden

CSVD total burden

Variables F P value
0.0 (n=48) 1.0 (n=28) 2.0 (n=54) 3.0 (n=24) 4.0 (n=11)

Age, years 57.40+8.51 55.04+5.93 55.78+8.46 56.38+7.72 57.82+9.50 0.546 0.702

Education, years 11.90+4.27 10.64+3.87 10.33+4.87 11.21+3.93 8.64+6.52 1.516 0.200

BMI, kg/m’ 24.67+2.70 24.94+3.50 24.73+2.87 28.12+2.62 24.78+1.70 1.723 0.147

Hippocampal APT, % 0.78+0.52° 0.81+0.27° 1.11+0.34° 1.26+0.30° 1.28+0.18° 11.180 <0.001

Data are presented as mean + standard deviation. CSVD patients were divided into four subgroups. The difference in hippocampal APT
values among different CSVD total load groups was found to be significant at the 0.01 level (F=11.180, P<0.001). Post-hoc comparisons
showed no statistical difference in hippocampus APT values between groups 0 and 1, as well as between groups 2, 3, and 4. * and °, no
difference between the same letters. APT, amide proton transfer; CSVD, cerebral small vessel disease; BMI, body mass index.

Statistics analyses

Statistical analyses were performed using SPSS 26.0 IBM
Corp., Armonk, NY, USA). A bilateral P value of less than
0.05 was considered statistically significant. The intra-
class correlation coefficient (ICC) test was used to test the
consistency of the ROI measurements of both radiologists,
with an ICC score >0.7 indicating satisfactory agreement
between them. Means of the variables measured by 2
radiologists were used for statistical analysis. The Shapiro-
Wilk test was used to test for normality and homogeneity of
variance.

Gender data were presented in cases, and the chi-
square test was used to test for differences between groups.
Normally distributed data were presented as mean = standard
deviation. Demographic and APT variables between groups
were compared using an independent #-test and one-way
analysis of variance (ANOVA); the Bonferroni correction
was used for post-hoc tests. Pearson correlation analysis
was used to study correlations between APT values and
CSVD imaging markers. According to Cohen’s criteria (16),
correlation coefficients (r) of 0.1<r<0.3 indicated weak
association, 0.3<r<0.5 indicated moderate association, and
r=0.5 indicated strong association.

A mediation analysis model was used to investigate the
mediating effect of the mean hippocampus APT value in
the association between CSVD total loads and MoCA score.
The mediation analysis is based on the estimation of the
four pathways. The a path represents the regression analysis
of CSVD total load and the APT value of the hippocampus.
The b path represents the regression analysis of the APT
value of the hippocampus and MoCA score. The ¢ path
represents the regression analysis of CSVD total load and
MoCA score. The ¢’ path represents the ¢ path regression
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analysis model including the mediation variable (the APT
value of the hippocampus). The proportion of mediation
attributable to the models was calculated as (a*b/c).

Results
Demographic and clinical characteristics of the participants

A total of 117 cases were included in the final analysis.
According to the CSVD total score, CSVD patients were
divided into 4 subgroups, including 28 cases in group of
CSVD =1, 54 cases in group of CSVD =2, 24 cases in
group of CSVD =3, and 11 cases in group of CSVD =4. A
further 48 age- and education-matched healthy individuals
were selected as normal controls, recording as CSVD
=0. Detailed demographic and clinical data are presented
in Table 1. There were no significant differences in age,
education, and BMI in the CSVD total burden groups. Out
of the 117 patients with CSVD, there were 27 cases of LI,
64 cases of WMH, 55 cases of EPVS, and 24 cases of CMB
(Table 2).

Reliability of measurements

The measurements taken by both observers were highly
consistent (P>0.05). The ICC was found to be 0.806 and
0.814 for bilateral hippocampal APT values, respectively.

The comparison of demographic characteristics and
bippocampus APT values between the groups of CSVD
total burden

The difference in hippocampal APT values among different
CSVD total load groups was found to be significant at the
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Table 2 The deference of hippocampus APT value between the groups of CSVD imaging markers presence or not

Hippocampus APT, mean = SD

Imaging markers N (%) t value P value
Absence Presence

LI 27 (23.08) 0.92+0.39 1.30+0.43 -4.764 <0.001**

WMH 64 (54.70) 0.82+0.42 1.14£0.37 -5.204 <0.001**

EPVS 55 (47.01) 0.94+0.43 1.08+0.41 -2.143 0.034*

CMB 24 (20.51) 0.95+0.43 1.23+0.30 -3.105 0.002**

The comparison results indicated that the APT value of the hippocampus was higher in the groups with imaging markers compared to the
imaging marker absence groups. *, P<0.05; **, P<0.01. APT, amide proton transfer; CSVD, cerebral small vessel disease; SD, standard
deviation; LI, lacunar infarction; WMH, white matter hyperintensity; EPVS, enlarged perivascular space; CMB, cerebral microbleeding.

Table 3 The correlation of hippocampus APT value with CSVD
imaging markers

Variables r P value
LI 0.346 <0.01
WMH 0.375 <0.01
EPVS 0.136 0.082
CMB 0.290 <0.01

Pearson correlation analyses revealed a weak to moderate but
significant correlation between the APT values and the CSVD
imaging markers except EPVS. APT, amide proton transfer;
CSVD, cerebral small vessel disease; SD, standard deviation;
LI, lacunar infarction; WMH, white matter hyperintensity; EPVS,
enlarged perivascular space; CMB, cerebral microbleeding.

0.01 level (F=11.180, P<0.001). This suggested that there
was a difference of APT values in hippocampus between
groups. The mean hippocampal APT values of the different
CSVD total loads were ranked as follows: 4>3>2>1>0.
Post-hoc comparisons showed no statistical difference in
hippocampus APT values between groups 0 and 1, as well
as between groups 2, 3, and 4 (Table ).

The comparison of bippocampus APT values between the
groups of CSVD imaging marker presence and absence

groups

The APT values of the hippocampus were significantly
different between the groups with CSVD imaging marker
presence and absence groups. The P values for the LI,
WMH, EPVS, and CMB presence and absence groups
were <0.001, <0.001, 0.034, and 0.002, respectively. The
comparison results indicated that the APT value of the
hippocampus was higher in the groups with imaging
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markers compared to the imaging marker absence groups

(1uble 2).

Correlation analysis of bippocampus APT values with
CSVD imaging markers

Pearson correlation analyses revealed a weak but significant
correlation between the APT value of the hippocampus
and CMB (r=0.290, P<0.01). Furthermore, the APT value
of the hippocampus displayed moderate but significant
correlations with LI (r=0.346, P<0.01) and WMH (r=0.375,
P<0.01). However, the APT value of the hippocampus did
not show a significant correlation with EPVS, as indicated
by Pearson correlation analyses (7able 3).

Mediation effect of bippocampal APT on cognitive
impairment caused by CSVD total load

The regression coefficient (c) in the regression analysis
of CSVD total load and MoCA score was -3.551 [95%
confidence interval (CI): -4.033 to -3.070, P<0.001]. After
including the mediation variable in the regression analysis
model, the regression coefficient (¢’) of CSVD total load
and MoCA score was -2.932 (95% CI: -3.429 to -2.435,
P<0.001). The regression coefficient (a) for the regression
analysis of CSVD total load and the APT value of the
hippocampus was 0.154 (95% CI: 0.107 to 0.201, P<0.001).
Furthermore, the regression coefficient (b) for the
regression analysis of the APT value of the hippocampus
and MoCA score was -4.033 (95% CI: -5.484 to -2.582,
P<0.001).

The mediation models demonstrated that the APT
value of the hippocampus partially mediated the association
between CSVD total load and MoCA score, as evidenced
in Table 4. The proportion of mediation attributable to the

Quant Imaging Med Surg 2024;14(3):2603-2613 | https://dx.doi.org/10.21037/qims-23-1464



Quantitative Imaging in Medicine and Surgery, Vol 14, No 3 March 2024 2609

Table 4 Mediation effect of hippocampal APT on cognitive impairment caused by CSVD total load

Mediation analysis Mediation Regr(—::s.siW %l z/t value P value
symbol coefficient Lower limit Upper limit

CSVD-Hip APT->MoCA a*b -0.619 -0.236 -0.064 -13.987 <0.001

CSVD—Hip APT a 0.154 0.107 0.201 6.407 <0.001

Hip APT->MoCA b -4.033 -5.484 -2.582 -5.446 <0.001

CSVD—->MoCA c’ -2.932 -3.429 -2.435 -11.563 <0.001

CSVD—->MoCA c -3.551 -4.033 -3.070 -14.451 <0.001

The mediation models demonstrated that the APT value of the hippocampus partially mediated the association between CSVD total load
and MoCA score. APT, amide proton transfer; CSVD, cerebral small vessel disease; Cl, confidence interval; Hip, hippocampus; MoCA,

Montreal Cognitive Scale.

models was calculated as 17.50% (a*b/c) (Table 4).

Discussion

In the present study, we investigated the relationship
between hippocampal APT values, CSVD imaging markers,
and CSVD total load. The findings were as follows: (I) the
APT value of the hippocampus was higher in the presence
of imaging markers compared to the control groups;
(IT) there was a gradual increase in APT values of the
hippocampus with an increase in the total CSVD load; (III)
the APT value of the hippocampus showed a significant
correlation with the CSVD imaging markers; (IV) the APT
value of the hippocampus partially mediated the association
between CSVD total load and MoCA score.

APT is a protein content-dependent chemical exchange
saturation transfer (CEST) MRI technique (17). The
chemical exchange rate has been shown to be primarily
related to the concentration of amide protons (66%) and the
pH value (33%) in the tissue. Additionally, temperature can
also have a partial effect on the chemical exchange rate (18).
Due to the lack of significant differences in temperature or
pH values between the brains of CSVD patients and the
normal elderly population, the APT values almost entirely
reflect the variations in amide proton concentration (14).
Mild cognitive impairment (MCI) and AD are associated
with the accumulation of abnormal proteins in the brain.
Previous studies have verified that the deposition of
abnormal proteins in the hippocampus in patients with MCI
and AD results in APT values being significantly higher
than those in normal elderly people of the same age (14,15).
"This indicates that APT is a potential method that can non-
invasively visualize the protein content iz vivo.
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The hippocampus is known to be susceptible to
aging and neurodegeneration (19-21). The first result of
this study showed a higher hippocampal APT value in
the imaging markers presence groups compared to the
imaging markers absence groups. These findings suggest
a potential association between the presence of CSVD
imaging markers and neurodegeneration. It is well-known
that neurodegenerative diseases often coexist with CSVD.
Patients with CSVD face an increased risk of developing
Parkinson’s disease (PD) when combined with WMH
lesions or multiple LIs, particularly in the frontal lobe (12).
Bergkamp er al. reported that individuals who developed
PD exhibited a higher baseline CSVD load (12). The
association between the presence of baseline LIs and the
onset of PD was predominantly driven by LIs located in
the frontal lobe and basal ganglia. Meanwhile, WMHs in
all lobes were associated with the onset of PD (12). Soldan
et al. revealed that a higher baseline WMH load promotes
the progression of AD pathology. Additionally, the authors
found a significant correlation between baseline WMH
volume and time to AD symptom onset (22). Fan ez al.
also reported a significant association between WMH and
medial temporal atrophy (23). Although previous studies
have demonstrated the synergistic interactions between
medial temporal atrophy and CSVD, these studies primarily
focused on separate CSVD features such as WMH and
LIs (24-26). Van der Flier et al. discovered an additive
effect of WMH and medial temporal atrophy, providing
further evidence for the combined involvement of both
Alzheimer’s-type pathology and vascular pathology in
the initial stages of cognitive decline (24). Wong et al.
demonstrated that medial temporal atrophy is associated
with a higher burden of CSVD among patients with
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amnestic-type dementia, suggesting that CSVD might be
an important mechanism behind hippocampal atrophy (25).
These findings have implications for clinical management
strategies, where interventions to reduce cerebrovascular
disease may potentially slow down neurodegeneration
and disease progression (25). Jokinen et al. proposed
that medial temporal, subcortical, and cortical atrophy
may potentiate the effect of WMH and LIs on cognitive
decline (27). The relationship between CSVD imaging
markers and neurodegeneration is likely a bidirectional
pathophysiological process. Firstly, neurodegeneration
may accelerate the development of certain CSVD imaging
markers. For example, elevated b-secretase levels, as a key
enzyme in amyloidogenesis of amyloid precursor proteins,
can result in white matter contraction and damage, thereby
disrupting the connection of projection fibers in this area
(28,29). Tau protein, playing a crucial role in AD pathology,
ultimately disrupts neuronal microstructure through the
formation of neurofibrillary tangles, leading to gray and
white matter damage and secondary brain atrophy (30,31).
Secondly, a higher CSVD total load may further accelerate
the occurrence of secondary neurodegenerative diseases (32).
Previous research has suggested that LIs are associated
with WMH features, and both of these correspond to
secondary neurodegeneration, increased mortality, and
poor functional prognosis (30). Aribisala er al. asserted
that asymptomatic LIs are associated with brain atrophy,
disruption of white matter integrity, and subsequent
cognitive decline, suggesting their potential role in
neurodegenerative diseases (5). Discrete subcortical infarcts
induce the loss of connected cortex far from the infarct
through white matter tract degeneration (26). Increasing
WMH burden is associated with worse whole-brain atrophy
and thinning of the cortex overlying areas with higher
WMH density (33). In addition, neurodegeneration and
CSVD may have interconnected and mutually reinforcing
pathophysiological processes. The clinical differentiation
between AD and CSVD becomes blurred due to shared
risk factors and mechanisms of occurrence (3,34-36).
CSVD imaging markers, such as LIs and CMBs, may
appear at various time points during disease progression
or may be absent. As the disease advances, concurrent
CSVD imaging markers increase, indicating a higher total
CSVD load and more complex, severe pathophysiological
processes. A higher CSVD load may also accompany
more severe neurodegeneration, which was supported by
an additional finding in this study. We observed a gradual
increase in hippocampal APT values with an increasing
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total CSVD load. CSVD imaging markers and secondary
cortical thinning impose a greater burden on long tract
degeneration, exacerbating neurodegeneration (32). An
increased CSVD total load induces secondary gray and
white matter loss in affected brain regions, resulting in
brain atrophy and neurodegeneration.

An additional finding of this study is that the mediation
models revealed the partial mediating effect of the
hippocampal APT value on the relationship between the
CSVD total load and the MoCA score. It is worth noting
that mixed neurodegeneration and CSVD pathology are
frequently observed in the same group of patients, and this
pattern becomes more common with increasing age (10).
However, it should be noted that only a small number
of patients with CSVD actually develop parkinsonism,
indicating that other factors contribute to this outcome (37).
The mediation proportion accounted for 17.50% in this
study, indicating that neurodegeneration can only partially
explain the cognitive impairment caused by CSVD. It is
possible that the impairment of neural signal conduction
in different neural circuits due to damage of the invisible
microstructure caused by vascular pathophysiological
changes plays a significant role in the clinical symptoms of
CSVD patients (38). From a clinical perspective, the exact
interaction between CSVD and neurodegenerative diseases
is still a subject of debate (39).

T1 relaxation time is another factor affecting APT MRI
signals. Shortening the T1 relaxation time can reduce APT
values and the detectability of mobile protein levels (40).
CSVD primarily affects T2 relaxation time rather than
T1 (41). Therefore, changes in T1 relaxation time in
CSVD patients may have minimal impact on the APT
signal. In addition, the ideal Z-spectrum can differentiate
various exchangeable proton components, indirectly
measuring the actual concentration of each substance.
However, aside from the chemical exchange effect, the Z
spectrum encompasses other influencing factors, including
traditional MT effect, direct water saturation (DS), and
nuclear Overhauser enhancement (NOE) (42). Additionally,
endogenous metabolites exhibit closely distributed
frequencies and differing content distribution, resulting in
overlapping metabolite peaks. This complicates the accurate
retrieval of concentration information from spectral lines.
The asymmetric MT rate could be applied to remove the
MT effect, but the extraction and analysis of CEST signals
invariably introduce the NOE effect (43). Metabolites
suitable for in vivo CEST imaging tend to have sites
with the same frequency size on the opposite side of the
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water peak, which largely corresponds to the NOE effect.
This characteristic results in a relatively reduced signal
attenuation caused by chemical shift. Nevertheless, the high
APT-weighted signal consistently observed in patients with
AD and the ability to differentiate AD from normal cases
make the APT-weighted MRI signal a powerful clinical
biomarker for CSVD detection.

In a clinical setting, the early detection of abnormal
hippocampal APT values may serve as a sensitive biomarker
for the onset of neurodegeneration in CSVD patients.
Abnormal hippocampal APT values indicate the coupling
between neurodegeneration and CSVD. However, further
research is needed to comprehensively investigate the
trajectory of neurodegeneration in CSVD patients, as
distinguishing CSVD from neurodegenerative diseases
remains challenging.

There were several limitations to this study. Firstly,
it was a cross-sectional study conducted on a specific
population within a local community. As a result, our
conclusions cannot be generalized to the broader
population, and the lack of follow-up hindered our ability
to assess the longitudinal evolution of neurodegeneration
in CSVD patients. Secondly, the sample size in this study
was relatively small. This might not fully capture the true
differences in hippocampal APT values between various
imaging markers and CSVD total load groups. Conducting
studies with larger sample sizes would be more likely to
provide an accurate trajectory of CSVD neurodegeneration.
Thirdly, the presence and accumulation of CSVD imaging
markers may lead to limitations in the comparison between
the imaging marker presence group and the control group.
This comparison only reflects a trend when the marker is
aggregated and cannot completely eliminate the effects of
other CSVD imaging markers. Finally, this study solely
focused on comparing differences in hippocampal APT values
between different imaging markers. It did not consider the
combination of cerebrospinal fluid or blood neurodegenerative
markers. Thus, it does not provide a comprehensive reflection
of neurodegeneration in the population.

Conclusions

This study demonstrated differences in hippocampus APT
values between CSVD imaging markers and control groups
and between groups with different CSVD total scores. APT
values in the hippocampus were correlated with CSVD
imaging markers. Hippocampal APT value may serve as a
biomarker for the early detection of neurodegeneration in

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

CSVD patients.
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